Background: Given the broad definition of an acute exacerbation of IPF, it is likely that acute exacerbations are heterogeneous in their aetiology, severity and clinical course. We used pooled data from the INPULSIS® trials of nintedanib versus placebo to investigate whether acute exacerbations reported as serious adverse events were associated with higher mortality than those reported as non-serious adverse events and to assess the effect of nintedanib on these types of events. Methods: Adverse events considered by an investigator to be an acute exacerbation were adjudicated as a confirmed acute exacerbation, suspected acute exacerbation, or not an acute exacerbation. Time to first investigator-reported acute exacerbation or confirmed/suspected acute exacerbation reported as a serious adverse event or non-serious adverse event over the 52-week treatment period was assessed post-hoc. Deaths were assessed based on data collected over the 52-week treatment period.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fibrosing interstitial lung disease characterised by loss of lung function [1] . IPF has a variable and unpredictable clinical course [2] . Many patients experience acute deteriorations in lung function known as acute exacerbations, which are associated with very high morbidity and mortality [3] . A perspective published by an international group of experts in 2007 defined acute exacerbations of IPF as acute deteriorations in respiratory symptoms associated with changes in radiographical appearance and the absence of an identifiable cause [4] . In 2016, an international working group proposed that the requirement for an event to be idiopathic be removed from the definition of an acute exacerbation of IPF based on recognition that there is little clinical or biological rationale for distinguishing idiopathic from non-idiopathic events [3] .
The reported frequency of acute exacerbations in patients with IPF varies widely depending on the methodology used. In clinical trials conducted in patients with IPF and mild to moderate impairment in lung function at baseline, acute exacerbations were reported in 2 to 16% of placebo-treated patients over 24 to 60 weeks [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Similar or slightly higher frequencies of acute exacerbations have been observed in contemporary cohort studies [18] [19] [20] [21] .
Given the broad definition of an acute exacerbation of IPF, it is likely that events classified as acute exacerbations of IPF are heterogeneous in their aetiology, severity, and clinical course. A clinical trial, in which adverse event reporting rules provide a definition for a serious adverse event, represents an opportunity to assess the clinical impact of acute exacerbations based on their seriousness. In this analysis, we used data from the Phase III INPULSIS® trials of nintedanib in patients with IPF to investigate whether acute exacerbations reported as serious adverse events were associated with higher mortality than events reported as non-serious adverse events and to assess the effect of nintedanib on these events.
Methods
The design of the two replicate INPULSIS® trials has been described [17] . Briefly, patients aged ≥40 years with a diagnosis of IPF within the previous 5 years, forced vital capacity (FVC) ≥50% predicted, diffusing capacity of the lung for carbon monoxide (DLco) 30-79% predicted and a forced expiratory volume in 1 s/FVC ratio ≥ 0.7 were randomised 3:2 to receive nintedanib 150 mg twice daily or placebo for 52 weeks, with a follow-up visit 4 weeks after the last dose of trial medication. The primary endpoint was the annual rate of decline in FVC (mL/year). Time to first investigator-reported acute exacerbation over the 52-week treatment period was a key secondary endpoint. Acute exacerbations were defined in the trial protocol as events meeting all of the following criteria: worsening/development of dyspnoea within 30 days; new diffuse pulmonary infiltrates on chest X-ray and/or high-resolution computed tomography parenchymal abnormalities with no pneumothorax or pleural effusion (new ground-glass opacities) since last visit; and exclusion of known causes of acute worsening, including infection, left heart failure, and pulmonary embolism, as per routine clinical practice and microbiological studies. Adverse events considered by an investigator to be acute exacerbations were adjudicated by a committee of three experts blinded to treatment assignment as a confirmed acute exacerbation (if all protocol-defined criteria were met), a suspected acute exacerbation (if the event was felt to be an acute exacerbation but did not meet all protocol-specified criteria), or not an acute exacerbation (if an alternative cause was identified) [22] .
Adverse events were reported by the investigators from randomisation to 4 weeks after the last dose of trial medication. Serious adverse events were defined as events that resulted in death, were immediately life-threatening, resulted in persistent or clinically significant disability/incapacity, required/prolonged hospitalisation, were related to a congenital anomaly or birth defect, or were deemed serious for any other reason.
We conducted a post-hoc analysis of time to first acute exacerbation reported as a serious adverse event or non-serious adverse event over the 52-week treatment period using pooled data from both INPULSIS® trials. Hazard ratios (HR) and two-sided p-values were calculated using Cox's regression models with terms for trial, treatment, sex, age, height. Baseline characteristics of patients with ≥1 investigator-reported acute exacerbation reported as a serious adverse event versus patients who did not have an acute exacerbation were compared using t-test (continuous variables) or chi-square test (categorical variables). Deaths were based on data collected over the 52-week treatment period.
Results
A total of 1061 patients were treated in the INPULSIS® trials (638 with nintedanib, 423 with placebo). At baseline, mean FVC was 80% predicted and mean DLco was 47% predicted. The majority of patients were male (79%) and former smokers (68%).
Over 52 weeks, 63 (5.9%) patients had ≥1 investigator-reported acute exacerbation, of whom 48 (76.2%) had a first acute exacerbation reported as a serious adverse event (Table 1) . Of these 48 events, 20 had fatality noted as the reason for the event being regarded as a serious adverse event. One patient had an acute exacerbation reported as a non-serious adverse event followed by an acute exacerbation reported as a serious adverse event; in subsequent analyses, this patient was classified according to his worse event. Thirty-six (3.4%) patients had ≥1 adjudicated confirmed/suspected acute exacerbation, of whom 31 had a first event reported as a serious adverse event. Twenty-seven (2.5%) patients had an acute respiratory worsening adjudicated as not an acute exacerbation, of whom 18 had a first event reported as a serious adverse event.
Patients with ≥1 investigator-reported acute exacerbation reported as a serious adverse event had significantly lower FVC and DLco and higher (worse) St George's Respiratory Questionnaire (SGRQ) total score, composite physiological index and Gender-Age-Physiology (GAP) stage at baseline than patients who did not have an investigator-reported acute exacerbation ( Table 2) .
Deaths occurred in a higher proportion of patients with investigator-reported acute exacerbations reported as serious adverse events (n = 30, 61.2%) than patients with acute exacerbations reported as non-serious (Fig. 1) . Investigator-reported acute exacerbations reported as serious adverse events occurred in 23 (3.6%) versus 26 (6.1%) patients in the nintedanib and placebo groups, respectively. Of these patients, 13 (56.5%) in the nintedanib group and 17 (65.4%) in the placebo group died. Investigator-reported acute exacerbations reported as non-serious adverse events occurred in 8 (1.3%) versus 6 (1.4%) patients in the nintedanib and placebo groups, respectively. Of these, no patients in the nintedanib group and 1 patient in the placebo group died.
Confirmed/suspected acute exacerbations reported as serious adverse events occurred in 10 (1.6%) versus 21 (5.0%) patients in the nintedanib and placebo groups, respectively. Of these patients, 5 (50.0%) in the nintedanib group and 14 (66.7%) in the placebo group died. Confirmed/suspected acute exacerbations reported as non-serious adverse events occurred in 2 (0.3%) versus 3 (0.7%) patients in the nintedanib and placebo groups, respectively. Of these, no patients in the nintedanib group and 1 patient in the placebo group died.
Compared to placebo, nintedanib significantly reduced the risk of a first acute exacerbation reported as a serious adverse event (HR 0.57 [95% CI: 0.32, 0.99]; p = 0.0476) and the risk of a first confirmed/suspected acute exacerbation reported as a serious adverse event (HR 0.30 [95% CI: 0.14, 0.64]; p = 0.0019) (Fig. 2) .
Discussion
Acute exacerbations in patients with IPF are known to be associated with high mortality [3] . A retrospective review of clinical records from 553 patients with IPF in Japan from 2003 to 2007 found that acute exacerbation was the cause of death in 40% of patients [23] . Previous analyses of data from the INPULSIS® trials have shown that the mortality rate following an investigator-reported acute exacerbation in placebo-treated patients was 40% Fig. 1 Time to death since onset of first investigator-reported acute exacerbation reported as a serious adverse event, first acute exacerbation reported as a non-serious adverse event, and in patients with no acute exacerbation. Thirteen patients with no acute exacerbation died beyond day 372 after 30 days and 57% after 180 days and that mortality following investigator-reported acute exacerbations and adjudicated confirmed/suspected acute exacerbations was similar [22] . In these new analyses, we demonstrated that acute exacerbations reported as serious adverse events are, regardless of adjudication, associated with particularly high mortality, with 61% of patients who had such an event dying within the 52-week treatment period. This suggests that while all acute exacerbations are clinically significant events, some types of acute exacerbations, possibly those with specific aetiologies or those that affect patients with certain clinical characteristics, might have a particularly adverse impact on prognosis.
Patients who had acute exacerbations reported as serious adverse events had more severe functional impairment at baseline than patients who did not have an acute exacerbation. This is in line with previous analyses of risk factors for acute exacerbations, which have consistently found a higher rate of acute exacerbations in patients with lower FVC at baseline [21, 22, 24, 25] , and supports the concept of acute exacerbations as clinical events triggered by injury or stress to the lung that are more likely to manifest in patients with advanced disease [3] .
Nintedanib is an intracellular inhibitor of tyrosine kinases that has been shown to inhibit processes fundamental to the pathogenesis of IPF [26] . In clinical trials, nintedanib reduced disease progression in patients with IPF by reducing the rate of decline in FVC by about 50%, irrespective of FVC at baseline [16, 17, 27] . Pooled data from the INPULSIS® trials showed that investigator-reported acute exacerbations were reported in 4.9 and 7.6% of patients treated with nintedanib and placebo, respectively (HR 0.64 [95% CI: 0.39, 1.05]; p = 0.08) and confirmed/suspected acute exacerbations in 1.9 and 5.7% of patients treated with nintedanib and placebo, respectively (HR 0.32 [95% CI: 0.16, 0.65]; p = 0.001) [17] . A further post-hoc analysis suggested that mortality following investigator-reported acute exacerbations and confirmed/suspected acute exacerbations was lower in patients treated with nintedanib than placebo (HR 0.56 [95% CI: 0.28, 1.11]; p = 0.092 and HR 0.57 [95% CI: 0.22, 1.48; p = 0.24, respectively) [22] .
Limitations of our analyses include their post-hoc nature, the small number of events, and the fact that events that resulted in death should, by definition, have been reported as serious adverse events. We were unable to determine the reasons why some events that were reported as acute exacerbations were not reported as serious adverse events, particularly when all events that resulted in hospitalization were to be reported as serious adverse events. Although acute exacerbations that were reported as serious adverse events were associated with particularly high mortality, it is unknown whether these events were also associated with other indicators of severity such as treatment in intensive care.
Conclusions
Our analysis of data from the Phase III INPULSIS® trials of nintedanib in patients with IPF showed that acute exacerbations reported as serious adverse events were associated with higher mortality than events reported as non-serious adverse events. Nintedanib significantly reduced the risk of acute exacerbations reported as serious adverse events. Further research is needed into the causes of acute exacerbations in patients with IPF and how their risk and impact can be reduced. A severity grading might aid clinicians in making decisions about how to manage acute exacerbations in patients with IPF. 
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